This paper presents the findings of investigating core-shell multiple quantum well nanowire lightemitting diodes (LEDs). A fully self-consistent three dimensional model that solves Poisson and driftdiffusion equations was employed to investigate the current flow and quantum-confined stark effect. The core-shell nanowire LED showed a weaker droop effect than that of conventional planar LEDs because of a larger active area and stronger recombination in nonpolar quantum wells (QWs). The current spreading effect was examined to determine the carrier distribution at the sidewall of coreshell nanowire LEDs. The results revealed that a larger aspect ratio by increasing the nanowire height could increase the nonpolar-active area volume and reduce the droop effect at the same current density. Making the current spreading length exceed a greater nanowire height is critical for using the enhancement of nonpolar QWs effectively, when an appropriate transparent conducting layer might be necessary. In addition, this paper presents a discussion on the influences of the spacing between each nanowire on corresponding nanowire diameters. V C 2013 AIP Publishing LLC.
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I. INTRODUCTION
GaN-based light-emitting diodes (LEDs) have become a promising solid-state lighting source and are gradually replacing traditional lighting sources because of their high energy efficiency and longer lifetime. However, the inherent characteristics of nitride materials limit their application in general illumination markets. Conventional planar GaNbased LEDs grown on a c-plane cannot avoid the lattice mismatch between InGaN and GaN, which causes a quantum-confined stark effect (QCSE) induced by the piezoelectric field. The QCSE separates the electron and hole wavefunction and reduces their radiative efficiency. The defect or dislocation density of GaN materials caused by the lattice mismatch between GaN and sapphire is also relatively large in limiting the internal quantum efficiency (IQE). In addition, the LED efficiency decreases as the injection current increases, which is called the droop effect. Researchers still debate its origin and have yet to reach a consensus. The general explanation for the droop effect includes Auger recombination, 1,2 carrier leakage, 3, 4 carrier localization, 5 poor hole injection, 6 and nanoscale indium fluctuation to enhance the Auger and overflow. 7 Previous studies have reported that modifying the epi-layers, by including the electron blocking layer (EBL), 8 the polarization-matched layers, 9 and quantum well (QW) thickness and number, 10, 11 is useful for improving the droop effect. However, doing so is insufficient because the high dislocation density and non-uniform carrier distribution still exist. Therefore, other studies have reported that LEDs growth on semipolar or nonpolar GaN substrates can reduce the piezoelectric field to enhance the efficiency effectively. [12] [13] [14] However, the high cost of current nonpolar and semipolar heteroepitaxial processes still inhibits their prevalence. To promote GaN-based LEDs to meet the requirements of the illumination market, maintaining low-cost and high-efficiency under a large current should be the focus of future applications.
Recently, GaN-based nanowires have been examined because of their unique characteristics. 15, 16 Concurrently, as nanotechnology has matured, the fabrication of LEDs with nanowire (otherwise called nanorod or nanocolumn) geometries has significantly progressed in making three dimensional (3D) LEDs feasible. The strain relaxation in the nanowire structure has been observed and simulated, 17 demonstrating a considerable reduction of dislocation density by the growth of nanowires. [18] [19] [20] Moreover, nanowires can be grown on sapphire, GaN, or even Si to reduce costs. [21] [22] [23] Most important, the high aspect ratio and the large surfaceto-volume ratio of nanowire structures ensure the benchmarking of critical properties for advanced applications. The preferred structure of nanowire LEDs involves a coreshell geometry, which enhances the active area effectively. The largest advantage of core-shell nanowire LEDs (CNLs) is the nonpolar surface at the sidewall, where the radiative lifetime is shorter because of the higher overlap of electron and hole wave functions to achieve high efficiency in LEDs. However, although the light extraction might be expected to increase because of the patterned surface, light re-absorption and photon recycling in nonpolar QWs tend to deteriorate the light extraction. 24, 25 Intuitively, because the resistivity of the p-GaN layer is inherently high and the cross-sectional area for current flow is restricted within the core of the nanowire, the current spreading effect should be considered. [26] [27] [28] A large current density might also induce overheating in the device. Thus, maintaining the homogeneous carrier distribution might be the key factor for improving the efficiency of CNLs.
Previous studies have reported experimental results on CNLs [29] [30] [31] by successfully fabricating CNLs; however, their efficiency must still be improved for practical applications. However, numerical studies have generally implemented a two dimensional (2D) multi-scale simulation because of radial symmetry, despite the nanowire assuming a hexagonal shape. To compare the simulation result with the experimental work, a full 3D model including the influence of QWs is appropriate when the scaling of a 2D approximation to a 3D device is unnecessary. Within the scope of this simulation, we focused on the current spreading effect to optimize the droop effect in various 3D hexagonal core-shell geometric structures (Fig. 1) . Although the 2D simulation can simulate a certain cross section with cylindrical or radial symmetry, the spacing of each nanowire is distinct in different directions ( Fig. 1(d) ) when considering the current spreading of p-GaN and its transparent conducting oxide layer. Hence, researchers have found 3D modeling necessary to facilitate understanding the physics involved, especially for evaluating the current spreading effect, because the current flow is the 3D direction in which the actual channel resistance might be relatively different. This study presents the results of a simulation of the current spreading and droop effect by using a fully 3D finite element self-consistent Poisson and driftdiffusion solver. This study also presents a discussion on the series of simulation results to examine the behavior of CNLs to predict possibilities for optimizing their efficiency.
II. FORMALISM
To simulate the CNL precisely, we used the GMSH program, 32 which is a 3D grid generator based on the finite element method (FEM) to construct a 3D hexagonal nanowire and meshed it ( Fig. 2(a) ). Thereafter, the nonlinear 3D FEM Poisson and drift-diffusion equations are solved selfconsistently to obtain the convergent profile. The equations to be solved are as follows:
J n ðrÞ ¼ ql n nðrÞrVðrÞ þ qD n rnðrÞ;
J p ðrÞ ¼ ql p pðrÞrVðrÞ À qD p rpðrÞ;
where V is the band potential of the device and q is the electron charge. The variables n and p are the free electron and hole carrier density, respectively. N À A and N þ D are the activated doping density of acceptors and donors, respectively. J n and J p are the electron and hole current, respectively. E t is the trapped energy level located at the midgap, and E i and n i are the intrinsic energy level and intrinsic carrier density, respectively. This study used the Shockley-Read-Hall (SRH) model to account for defect-assisted recombination, where s n and s p are the nonradiative carrier lifetime. In the ABC model, people use the term A Á n to express the SRH nonradiative recombination. If n and p are the same and s n is equal to s p , A would be close to 1=ð2s n Þ with some simplification. B 0 is the radiative recombination coefficient. This is a numerical simulation and electron and hole distribution are calculated by the self-consistent Poisson and drift-diffusion solver. The electron and hole separation in the QW caused by QCSE is considered in the nðrÞpðrÞ term, in which some analytical models include the overlap effect inside the B coefficient. C 0 is the Auger recombination coefficient. Again, the influence of the electron and hole overlap is included in n 2 ðrÞpðrÞ and nðrÞp 2 ðrÞ. The electron-hole separation due to QCSE and the carrier-screening effect due to carrier injection will be considered in the self-consistent Poisson and drift-diffusion solver. As we know, if the quantum confined effects of electron and hole wave are considered, the electron-hole overlap should be better than the simulation result from the classical Poisson and driftdiffusion model. The radiative recombination and Auger recombination will increase at the same time. Therefore, in the c-plane QW, many numerical studies 33, 34 used 50% or less theoretical polarization value to account the better overlapping and the strain relaxation effect. In our case, a 50% theoretical polarization value 35, 36 was used in the c-plane QW. However, in this study, the active volume of the nonpolar plane is much larger than the c-plane QW. As we know, for the nonpolar-QW, the QCSE is weak and the classical model and quantum model all give $100% electron-hole overlapping. Therefore, the overlapping in this study should not be a big issue because the active volume of the nonpolar plane QW is at least 10 times larger than the c-plane QW, where the c-plane QW does not play a major role here. In this study, the nonradiative carrier lifetime (1/(2 A)) s n and s p were 5.0 Â 10 À8 s. B 0 was set at 2.0 Â 10 À11 cm 3 /s and C 0 was set at 2.0Â10 À31 cm 6 /s, as detailed in Table I . These parameters are commonly used to examine droop effects. 33, 37 Although the coefficient s n ; s p , B, and C might be different under the growth condition, we assumed it to be the same in the modeling process.
In the simulation, the current distribution of the entire device can be obtained by applying the Poisson and driftdiffusion solver. Each element can then be integrated in a certain area, and they can all be summed to obtain the radiative current (I rad ), SRH current (I SRH ), Auger current (I Auger ), and leakage current, which is the current escaping from the QW without recombination. We referred to IQE, Overflow, and Auger by using Eqs. Table I lists the parameters of each epi-layer that we used. Because of the high resistivity of p-GaN, this study used a transparent conducting layer (TCL) to enlarge the current spreading length to reduce the current crowding effect in CNLs. The previous results based on 2D and 3D programs can be found in Refs. 38-40
Overflow ¼ I leakage I in ;
III. RESULT AND DISCUSSION
We attempted to reduce the droop effect by improving the current spreading and inhomogeneous carrier distribution. In addition, we focused on the aspect ratio of a nanowire to examine the carrier distribution of nonpolar QWs. To understand the physics of a CNL, we examined three structures, including a conventional planar LED, a CNL, and a CNL with the TCL, as shown in Figs. 1(a)-1(c) . The epilayers are composed of a p-GaN layer, undoped 3-pair In 0:14 Ga 0:86 N=GaN multiple quantum wells (MQWs), and an n-GaN layer. An entire electrode pattern covering the whole chip topper area was assumed. To conserve memory usage of the 3D simulation, we simulated only the single nanowire, the total area of which is 600 nm Â 600 nm. When we change the rod diameter in some instances, the total area remains the same when the filling factor changes. Hence, we concentrated on the current flow path and carrier distribution caused by different geometries (planar and nanowire) rather than on the current spreading to the entire nanowire arrays. In calculating the current density, we fixed the nanowire density in the same 600 nm Â 600 nm chip area to examine the device performance thoroughly in different situations.
At first, we investigated the height of CNLs without the TCL to examine the current spreading effect in the vertical direction. Because of the low mobility and high activation energy of the p-type doping layer, the resistance is so large that it impedes the hole transport compared to the electron Although the p-type doping is high, the activation energy of the p-type dopant is also high and the activated dopant density is low.
transport. Therefore, as Fig. 3(a) shows, in a CNL without a TCL, the carrier distribution in the vertical direction along nonpolar QWs is inhomogeneous, which leads to a nonuniform radiative recombination distribution because the hole current spreading length is less than the nanowire height even for a shorter nanowire height. In addition, as the nanowire height increases, the onset of the droop effect is delayed and the efficiency degradation is mitigated (Fig. 3(b) ), both because of the increase of nonpolar QW areas to reduce the carrier concentration inside nonpolar QWs. Hence, the Auger recombination is reduced because of the low carrier concentration inside nonpolar QWs, as the inset of Fig. 3(b) shows. However, the improvement of the droop effect weakens as the nanowire height increases because the current cannot reach the bottom for using nonpolar QWs completely ( Fig.  3(a) ). Hence, using a TCL or enhancing the hole layer conductivity is required for optimizing the current spreading effect in the vertical direction. Increasing the hole mobility or doping density has been a long-term issue, which is difficult to solve. However, using a TCL layer such as ITO and GZO is more feasible. When the height, h, was equal to 1:0 lm, we simulated a series of different TCL resistivities to homogenize the radiative recombination. We obtained an optimized current spreading effect with a maximum resistivity of TCL equal to 1.25 Â 10 -1 X Á cm (Fig. 4(a) ). The minimum resistivity requirement is much larger than the general value of the TCL, such as ITO and GZO, which real device applications can achieve. However, because of the rough surface and difficulties of coating the TCL in the nanowire device, the real resistivity of TCL coating on a nanowire may not be as low as that in a common planar circumstance, but the maximum resistivity should be limited to 1.25 Â 10 À1 X Á cm. 
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Therefore, we investigated the cross-sectional radiative recombination distribution of CNLs without and with the TCL, as Figs. 4(b) and 4(c) show. With the optimized TCL, the radiative recombination is uniform at the sidewall. The sum of the radiative recombination in nonpolar QWs is approximately 93% over the total radiative recombination, which dominates the radiation because of the larger active volume region, smaller forward voltage, and higher radiative efficiency compared to polar QWs.
As the height of a nanowire increases, the maximum resistivity limitation decreases. The previous optimized resistivity of TCL for h equal to 1:0 lm cannot make the radiative recombination uniform when h is equal to 2:5 lm as shown in Fig. 5(a) . Thus, using a TCL with either lower resistivity or thicker TCL was necessary to enhance the current spreading length further. The spacing of each rod limits the thicker TCL, where the larger spacing reduces the effective active QW volume size. Therefore, we tested the critical resistivity required for the larger aspect ratio. The findings indicate that a TCL with a resistivity equal to 1.25 Â 10
À2
X Á cm would optimize the current spreading effect for h equal to 2:5 lm as shown in Fig. 5(a) . Thus, we calculated the required resistivity of the TCL to optimize the current spreading effect for different nanowire heights, as the inset of Fig.  5(a) shows, to supply information to the epitaxial design. In addition, Figure 5(b) shows the corresponding IQE curve. The findings establish that the optimized condition for current spreading is critical for mitigating the droop effect, especially for the higher nanowire height. Although the larger aspect ratio is more efficient, continually increasing the nanowire height is inappropriate for practical applications because coating the epi-layer along the wire constitutes a difficult fabrication process.
To examine the benefits of CNLs compared to planar LEDs, we compared a 3D planar structure with either a c-plane or an m-plane. In a 3D c-plane planar LED, at the same current density, the carrier density in the QW is much higher compared to the CNL; therefore, the overflow might be large. A severe Auger recombination was simultaneously 
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observed for the same reason as shown in Fig. 6(a) . Hence, planar LEDs have a lower IQE value and severe droop effects even with nonpolar QWs. However, CNLs demonstrate a better IQE behavior as shown in Fig. 6(b) . Both overflow and Auger decrease simultaneously because of the increase of active nonpolar QW regions. The overflow can be extremely suppressed by using an optimized TCL even without an AlGaN EBL (Fig. 6(a) ). However, with the assistance of the optimized TCL, the droop effect still exists because nonpolar QWs of a CNL are still ineffectively used. This means that the carrier distribution is laterally inhomogeneous along nonpolar QWs (Fig. 6(c) ) because the resistance is unmatched when the electron and hole are transported along the lateral direction. At the beginning of the IQE versus the current curve, the SRH and radiative recombination dominate the IQE as the current density increases, which indicate the first and second power dependence on the carrier concentration in the QW. When the injection current enlarges, an Auger recombination emerges to dominate the IQE curve, which indicates the third power dependence on the carrier concentration in the active region. When the current density is too high that carriers cannot be recombined radiatively or nonradiatively in the active region, the overflow dominates the IQE curve, which is larger than the third power dependence of the carrier concentration. The influence of Auger recombination weakens as the overflow takes over the Auger effect when the carrier density is too high. All of these phenomena can be observed (Fig. 6(a) ). This perspective is consistent with previous results of using the analytical model. 41 Knowing the influence of the nanowire diameter on the device performance is essential. Therefore, we demonstrated the difference between using a 2D and a 3D simulation. In the 2D simulation, when the rod density is fixed and the nanowire diameter increases with a lower aspect ratio, the IQE curve degrades slightly because of the enhancement of the polar QW area (Fig 7(a) ). The area of nonpolar QWs does not change as the nanowire diameter increases. However, the 3D simulation results a different result: the droop effect is reduced by a larger diameter with a lower aspect ratio (Fig.  7(b) ). Because of the increase of the nanowire diameter in a real 3D problem, not only does the area of polar QWs increase but the area of nonpolar QWs also increases at the same rate. Therefore, the overall active QW area increases if the rod density is fixed. At the same current density, the carrier density inside the well is smaller. Consequently, the droop effect decreases as the rod size increases. Figure 7 (c) displays a different current spreading effect between the 2D and 3D simulation because the device resistance for 2D and 3D simulation is different. Therefore, when using a 2D simulation, researchers should be aware of these effects, and that some modification might be needed in explaining the 2D simulation. Moreover, the improvement of the droop effect becomes obscure as the nanowire diameter increases further because, as the nanowire diameter increases, the spacing between each nanowire shrinks. We expect the current spreading to worsen, thus limiting the improvement of the droop effect (Fig. 7(d) ).
IV. CONCLUSION
This paper presents a 3D numerical analysis of the current spreading effect and efficiency droop in CNLs. To make the carrier distribution uniform, optimizing the current spreading in the vertical direction requires a TCL with a maximum limit of resistivity to cover the nanowire. The suggested maximum resistivity of different nanowire heights was calculated. CNLs demonstrated a better IQE behavior than that of conventional planar LEDs, because of a higher active volume and a more effective electron-hole overlap in the nonpolar QW. However, the carrier distribution is still inhomogeneous along the lateral direction of nonpolar QWs because of the lower mobility of the hole, thus causing a slight droop effect. With the increase of the nanowire height, the onset current of the droop effect is delayed and the efficiency degradation decreases because of the reduction of carrier concentration with a larger volume of nonpolar QWs. As the nanowire diameter increases, both the polar and nonpolar QW areas increase. However, nonpolar QWs dominate the droop effect; hence, the reduction of the carrier density inside the active region mitigates the droop effect. In summary, to optimize CNLs, the active area volume can be enhanced by changing the aspect ratio. The resistivity of the TCL is critical to the nanowire height. However, the cost of fabrication and materials to benchmark the optimized condition must be considered for practical applications.
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